Tidal asymmetry is a phenomenon that characterises estuarine hydrodynamics and has a strong impact on sediment dynamics. Extensive research has been dedicated to studying tidal dynamics in semidiurnal macrotidal estuaries, highlighting several general principles. The ratio of flood to ebb peak velocities and differences in ebb and flood durations are often used to characterise the asymmetry encountered in estuaries.
In the Charente estuary (French Atlantic coast), water surface elevation data obtained using an ADCP (Acoustic Doppler Current Profiler) and a tide gauge show that the duration asymmetry undergoes inversions during the spring-neap tidal cycle. A two-dimensional hydrodynamics model is used to investigate the connection between spring-neap inversions of the tidal asymmetry and the harmonic composition of the tide. Different constituents (M2, S2, M4 and MS4) are considered at the open boundary. The results show that M4 and MS4 play a key role in the occurrence of these inversions. The influence of the morphology is also discussed and modifications of the bathymetry are performed to evaluate its impact. In the Charente estuary, the existence of both externally and internally generated overtides thus results in a spatially and fortnightly variable tidal asymmetry.
The modelled barotropic tidal currents are used to estimate the possible impact on sediment dynamics. The results suggest that asymmetry inversions tend to create sediment accumulation in an intermediate zone between the river mouth and Rochefort, located approximately 20 km upstream.
Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive publisher-authenticated version is available on the publisher Web site.
Introduction
Investigating estuarine hydrodynamics is essential to understand these systems. Sanitary and/or economical issues are associated with these areas. At the interface between land and ocean, estuaries are indeed subject to important anthropic pressure. Many activities (such as fisheries, harbours and leisure) are strongly dependent on water quality and quently, ebb or flood dominance is often completed by a dominance in terms of net sediment transport (Aubrey and 23 Dronkers, 1986; Friedrichs and Aubrey, 1988; Fry and Aubrey, 1990 ). Ebb-dominated estuaries tend to 24 export sediment, whereas flood-dominated estuaries generate upstream sediment transport (Allen et al., 1980; Dyer, 25 1997). On a long-term scale, sediment export or import could lead to morphological changes of sufficient importance 26 to change the tidal asymmetry dominance (Dyer, 1997) . Tidal asymmetry is also a driving mechanism controlling the 27 formation and dynamics of the turbidity maximum in macrotidal estuaries (Allen et al., 1980) . MacCready and Geyer
28
(2010) investigated tidal asymmetry in vertical mixing, and the effect of the baroclinic pressure gradient. This phe-
29
nomenon is not discussed in this paper, because a 2D vertically averaged model is used in the present work. Given the 30 mixing conditions and the shallow depths in the Charente estuary, this approximation was considered to be adequate 31 for the study proposed here.
32
Nonlinear interactions between the tide and the estuary provoke the growth of harmonics and compound tides of 33 the main astronomical tidal constituents. Friedrichs and Aubrey (1988) studied the interaction between the M2 and 34 M4 harmonic constituents of the tide to determine the direction of the asymmetry (flood-or ebb-dominated) and the 35 degree of tidal distortion. Shorter rising tides correspond to a relative sea surface phase (2ϕ M2 -ϕ M4 ) between 0˚and
36
180˚. For shorter falling tides, the relative phase is between 180˚and 360˚. The degree of tidal distortion caused by the 37 estuary is indicated by the ratio of the two constituents' amplitudes (a M4 /a M2 ). The same parameters can be calculated 38 for the velocity to provide an indication in terms of ebb/flood dominance. In a study by Friedrichs and Aubrey (1988) , 39 2 shorter falling tides correspond to ebb dominance, and shorter rising tides to flood dominance. The estuaries or inlets 40 used in their study are mostly short (18 km maximum), and the geometry of the model inlet is rectangular. Thus, the 41 parameters indicated above may not apply to all estuarine systems.
42
Non-linear tidal distortion is determined by two effects related to the estuary's morphological characteristics: (1) 43 the frictional effects of the interaction between the tidal currents and the channel bottom, and (2) (Fig. 2b) . The river flows into the Marennes-Oléron Bay, in the southern part of the Pertuis Charentais. 
89
The Charente tidal regime is macrotidal, with mean and maximum tidal ranges of 4.5 metres and 6.5 metres, The MARS-3D (Model for Applications at Regional Scale) numerical model used in this study was fully described
106
by Lazure and Dumas (2008) . MARS-3D is a finite differences model that, when run in 2D, resolves the shallow water
107
(or Saint-Venant) equations.
108
MARS-3D was used to determine the behaviour of the estuary in response to different hydrodynamic conditions.
109
In particular, the effect of the harmonic composition of the tide at the boundaries was investigated.
110
A 2D configuration was developed to determine the impact of the tidal harmonic composition. Only the tide, N2 is not prescribed at the offshore boundary. This choice was justified by a test in which N2 was added (data not 124 shown); the results showed no significant differences from the tidal asymmetry behaviour obtained in configuration D
125
of this study. than at the river mouth (3.8 hours). In contrast, when the ebb is the shortest (between February 26 and March 2),
147
the maximum difference in durations occurs at the river mouth (up to 3.2 hours), compared to 2.5 hours at Rochefort.
148
Based on the tide gauge measurements at Rochefort, these inversions, in terms of durations, occur for a large set of 149 river discharges, suggesting that baroclinic effects are not preponderant in this case. 
Analytical analysis

151
The amplitudes and phases of the principal tidal constituents at Aix Island are summarised in Table 2 tidal dynamics at the mouth. According to Friedrichs and Aubrey (1988) , the relative sea surface phase 2ϕ M2 -155 ϕ M4 is 188.36˚and the amplitude ratio a M4 /a M2 is 0.14, suggesting that the ebb should be shorter in this area (Table   156 2). However, these calculations should be treated with caution as the geometry (funnel-shaped) and length (50 km to a/h. These results suggest again that the tidal response of the estuary should be ebb-dominant. However, based 164 on the in situ measurements at the river mouth presented in the previous paragraph, it appears that in the Charente 165 estuary, the tidal asymmetry follows the spring-neap tidal cycle. The flood is shorter than the ebb during spring tides,
166
and the opposite occurs during neap tides. These short-term inversions are observed systematically, and the level of 
Numerical analysis 169
To evaluate the impact of each component on the tidal asymmetry observed in the estuary, the results obtained 170 from numerical modelling are compared using two criteria: ebb/flood durations and maximum ebb/flood velocities.
171
No comparison of the absolute water surface level is performed because the objective is to study the distortion of the 
180
Such an analysis should be considered for further research but is beyond the scope of this study.
181
The numerical model can also be validated by comparing water surface elevations to the ADCP measurements 
The results show a good agreement between the modelled and observed water levels (Fig. 4) . The skill parameter 
204
At the upstream station, Rochefort (Fig. 1) , the first difference is the response of the system to the basic con-
205
figuration A (Fig. 6 ). When the tide is almost undistorted at the mouth, it is clear at Rochefort that an M2 incident 206 tide induces a shorter flood (flood-ebb duration up to 2 hours). Configuration B produces the same type of results
207
but with the modulation of the spring-neap tidal cycle, the level of distortion being stronger for high tidal ranges. are the shortest is also decreased by more than two days (Fig. 5) .
212
Regarding the duration asymmetry, the mouth appears to be driven by an alternation between periods of shorter 213 floods and shorter ebbs, with comparable levels of distortion. In contrast, the area of Rochefort is largely characterised 214 by shorter floods. During neap tides, floods are only slightly longer than ebbs, and for a brief period of time. ebb and flood dominance, velocity asymmetry is much stronger for flood dominance than it is for ebb dominance.
229
At Rochefort, the velocity asymmetry is ebb-dominated for the simplest M2 tidal forcing, whereas duration asym-230 metry is flood-dominated (Fig. 6) . The same opposition is obtained for the M2,S2 tidal forcing, with a stronger ebb 231 dominance during neap tides. As in the previous paragraph, configurations C and D show velocity asymmetry inver-232 sions but with higher phase differences compared with the duration asymmetries. Moreover, ebb dominance during 233 neap tides is stronger than flood dominance during spring tides, in contrast to the results at the river mouth. 
Summary and comparison with measurements
235
The best agreement with the ADCP data is observed with the last configuration (M2, S2, M4 and MS4 tidal 236 forcing), although differences remain for the exact moments of inversion.
237
The calculated ebb/flood durations and flood/ebb maximum velocities at the two locations are presented in Table   238 4. The difference between the values calculated and 1 (corresponding to a symmetric tide) gives an indication of the 239 degree of tidal distortion. In the following paragraphs, the ebb/flood durations ratios and flood/ebb peak velocities 240 ratios will be abbreviated DR and PVR, respectively. 
245
The Rochefort area is characterised by a contrast between duration and velocity asymmetries. The duration asym-246 metries show a stronger duration difference when the flood is the shortest, which is confirmed by calculations per-
247
formed with tide gauge data: the maximum DR is 2.32, compared to a minimum of 0.67. In contrast, the PVRs show a 
259
In the following sections, we explore the possible causes of this peculiar behaviour and discuss its possible impact on 260 the estuarine sediment dynamics. 
271
The influence of the low-frequency constituent MsF could also be considered as a possible explanation for these propagation associated with these differences. 
Locally-vs remotely-generated overtides
284
The idea of a combination of two "types" of overtides (externally and internally generated) is reinforced by har-285 monic analyses performed on the modelling results (Table 5) 
292
The amplitudes and phases of M4 in cases A and C illustrate the existence of externally and internally generated 293 overtides. At the river mouth, the differences in M4 amplitude are higher than at Rochefort (Table 5 (top)), due to a 294 greater distortion of the tide by the interaction with the estuary when moving upstream. At Rochefort, 66% of the M4 295 amplitude is due to internal tide-estuary interactions, compared to 13% at the river mouth. The M4 phase differences 296 between cases A and C, both at Rochefort (56.5˚) and at the river mouth (45˚), also indicate that the overtides are 297 generated both internally and externally. The same observations can be made on the MS4 coumpound harmonic, that 298 results from the interactions between M2 and S2, by comparing the amplitudes and phases differences between cases 299 B and D. (Table 5 (bottom)). A the river mouth, 23 % of the MS4 amplitude is generated internally, compared to 63 300 % at Rochefort. The phase difference is smaller at the river mouth (4.5˚) than at Rochefort (13.5˚).
301
The Charente estuary exhibits the following temporally and spatially dependent tidal asymmetries. (1) At the 302 mouth, asymmetry follows the spring-neap variations, with corresponding duration and velocity asymmetries (Fig. 5   303 and Fig. 7) . (2) Upstream, asymmetry is still subject to spring-neap modulations ; however, velocity asymmetry is 304 mostly ebb-dominated (Fig. 8) , whereas the flood duration is shorter than ebb duration most of the time (Fig. 6) .
305
In the Rochefort area, tidal flats provoke strong variations in the flow section from high water to low water. The 306 flow is strongly constrained at low water values and larger peak ebb velocities can thus be observed, even if the 307 ebb is longer than the flood (Dronkers, 1986; Brown and Davies, 2010) . Depth variations must also be considered. At the river mouth, the mean channel depth is approximately 7.5 metres. Deeper areas are found upstream, with 309 depths varying between 7 and 11 metres. Around Rochefort, the mean channel depth is close to 9 metres. As shown of average depths and intertidal flats at the mouth would thus favour asymmetry inversions following the tidal range.
308
313
Deeper upstream areas, which are also associated with intertidal flats, would lead to ebb dominance most of the time,
314
even if asymmetry inversions were observed.
315
To more precisely evaluate the impact of the estuary's morphology, two tests involving different bathymetry mod- are not exposed at low tide, the estuary tends to be flood-dominant. With the original bathymetry, intertidal flats at the 345 river mouth are exposed for all tidal ranges, which is not the case after increasing the mean water level.
346
At Rochefort, tidal flats are mostly at depths above the mean water level, and they can represent up to 50 % of the 347 width. When they are deepened to be at the mean water level, ebb dominance is slighlty reduced but the modification 348 is smaller than at the river mouth. This result is consistent with the study of Fortunato and Oliveira (2005) . However,
349
when all the bathymetry is deepened, ebb dominance is enhanced. In this case, the deepening of the channel, which 350 tends to promote ebb dominance, appears to be playing a greater role than the modification of intertidal depths.
351
The modifications made on the Charente estuary morphology provoke significant changes to the tidal asymmetry.
352
These results confirm that tidal asymmetry is the consequence of complex interactions between the incident tide, by entrainment (Mehta, 1991) . Calculations are performed over a full spring-neap tidal cycle to equally represent all 368 possibilities, and u p is plotted against T d (Fig. 11) . 
374
At Rochefort, sediment transport is thus ebb-dominated in 90% of the cases, compared to 65% at the river mouth.
375
We could argue that the subdivision of zone 1 should also be applied to zone 3. Longer rising tides (T d > 1) with com- 
Morphological implications
382
In terms of net sediment transport, the Rochefort area appears to be ebb-dominated most of the time, inducing 383 net sediment export (Fig. 11) . In contrast, the river mouth is more equally divided between periods of ebb and 384 flood dominance. Flood dominance and net import at the mouth, which are associated with ebb dominance and net 385 export at Rochefort suggest that the intermediate zone between those two locations is prone to sediment accumulation.
386
According to Figs. 7 and 8, this configuration occurs mostly during the transition from spring to neap tides.
387
These modelling results are consistent with measurements of sediment accretion on the mudflats in the estuary, are not sufficiently large to alter the system dynamics. However, strong siltation (estimated up to 1 meter in a month) 398 was observed farther upstream, close to the dam, and remains an issue of concern for the management of the area. 
422
Net sediment transport calculations suggest that accumulation occurs between the river mouth and Rochefort, 
